Abstract-This paper describes the development and validation of the Inertial and Range-Enhanced Surgical (IRES) tracker-a novel, noncontact laparoscopic tracking system that may be used as an inexpensive alternative to optical and electromagnetic (EM) tracking systems for tracking surgical instruments. The system is based on the fusion of inertial, magnetic and distance sensing to generate real-time, 6-DOF pose data. Orientation is estimated using a Kalman-filtered attitude-heading reference system (AHRS) and restricted motion at the trocar provides a datum from which position information can be recovered. The IRES tracker was validated within a surgical training box. The results show that the IRES tracker achieves similar performance to an EM tracker with position error as low as 1.25 mm RMS and orientation error <0.58 • RMS along each axis. It also displayed greater precision and superior magnetic interference rejection capabilities. At a fraction of the cost of current laparoscopic tracking methods, the IRES tracking system is a suitable alternative for use in surgical training and skills assessment.
I. INTRODUCTION
While the practice of minimally invasive surgery (MIS) continues to gain widespread adoption for a variety of surgical procedures, a number of challenges remain for both trainees and experienced surgeons. When a laparoscopic instrument is passed through a port, the surgeon loses information about the position and orientation of the device and must rely on a laparoscopic camera to provide a visual reference. These cameras are prone to occlusion by tissues and fluids and since they operate within an independent frame of reference, their viewpoint often proves disorienting to the surgeon. This increases the risk of accidental damage to nearby tissue, and as a result, many experienced surgeons are opting to perform high-volume procedures with the use of alternative instrument tracking technology [1] .
Effective surgical training and skills assessment can also help to improve procedure safety and efficiency. A tracking system can be used to record instrument motion and provide quantitative data for an objective analysis of the user's performance. This analysis may include an assessment of instrument path length, accuracy, changes in direction and smoothness of motion [2] . By comparing the motion profile of an experienced surgeon with that of a novice, surgical training can become faster and more effective.
A. Laparoscopic Instrument Tracking
A wide variety of computer-aided tracking solutions have been developed for medical applications, including mechanical, ultrasonic, fluoroscopic, optical and electromagnetic approaches. For minimally invasive surgical applications, noncontact optical and electromagnetic (EM) tracking systems have been traditionally favoured. While both of these approaches provide high-quality pose information, they also tend to be expensive, with costs that can be prohibitive for schools, clinics and hospitals.
EM tracking systems resolve position and/or orientation by sensing the strength and direction of an artificially generated magnetic field. The Aurora (Northern Digital Inc.) and LIBERTY (Polhemus) are commonly used for medical applications. Capable of submillimeter accuracy and low latency, EM technology has become the gold standard noncontact tracking solution, where accessibility or line-of-sight restrictions render other approaches infeasible. However, for proper operation, the environment must be free from magnetic and ferromagnetic material.
Optical trackers operate by detecting fiducial markers (unique features attached to the object to be tracked) in images and relating the position of these markers to the coordinate frame of one or more cameras (typically two). Some of the more common stereoscopic optical systems used for medical device tracking include the Polaris Spectra by NDI and the MicronTracker 3 by Claron Technology. These systems offer accuracy several times better than EM tracking solutions across a larger operating volume and are immune to EM radiation. Unfortunately, optical systems tend to be slower and are prone to occlusion.
An alternate approach that uses only the endoscopic video feed to track instruments with special markings on the shaft is presented in [3] . No additional hardware is required for this method making it widely accessible; however, it can also suffer from occlusion and fails completely when the instrument is out of the camera field of view.
B. Inertial Measurement Units
An inertial measurement unit (IMU) is a broad term used to describe a package of electronic sensors that, at minimum, include a set of accelerometers and gyroscopes. An inertial navigation system (INS) is one type of IMU that uses navigation-grade accelerometers and gyroscopes to calculate the pose and velocity of a body based on dead reckoning, without the need for an external reference. Over time, however, small errors cause the position estimates to diverge from the true values.
An attitude-heading reference system (AHRS) is a second class of IMU that typically uses a collection of lower-grade micro electrical mechanical system (MEMS) sensors, augmented with a three-axis magnetometer, to provide roll, pitch and yaw orientation information. An AHRS is, by definition, not capable of calculating position information. It operates by using a three-axis accelerometer to sense the direction of Earth's gravity vector and a three-axis magnetometer to sense the direction of Earth's magnetic field. While gyroscopes are not technically required to compute orientation, the addition of angular rate sensing has a profound effect on the performance and reliability of an AHRS. By integrating angular rates from the gyros to track the orientation of the sensing platform with respect to the downward gravitational vector, corrected magnetometer readings can provide a much cleaner estimate of the yaw angle, free from accelerometer influence. Furthermore, since gyros are prone to random walk and will drift over time, the accelerometer and magnetometer can be used to correct any accumulated angular error, thereby guaranteeing that orientation estimates remain drift free. A well-designed sensor fusion algorithm can provide a robust and efficient orientation estimate.
Work by Ren et al. [4] investigated the use of an AHRS to track the orientation of laparoscopic instruments and found that inexpensive MEMS devices could achieve orientation accuracy error below 1 • [5] . This work also investigated the fusion of an AHRS with an EM tracker to provide 6-DOF pose information in much the same way that global positioning system (GPS) data can be fused with an INS to improve the performance of the navigation system [6] .
This paper presents a method that augments an AHRS with distance sensing to track the orientation and position of a laparoscopic instrument without the need for a second reference tracking system. The main goal is to provide continuous, real-time 6-DOF pose information with an accuracy and speed comparable to modern EM tracking systems.
II. SYSTEM DESIGN
The MIS environment within which a laparoscopic instrument operates was examined and Fig. 1 illustrates typical movement of a laparoscopic instrument across the tissue interface. Due to the nature of port-based procedures, tangential motion in the tissue plane is largely constrained, leaving the instrument free to rotate about its long axis. Any translation of the port in the tissue plane will cause tissue deformation as the result of forces applied by the surgeon. Since tissue is an elastic material, deformation will cause the tissue to exert a reactionary force tending to return the instrument to a location of minimal deformation. This point represents a local energy minimum and it is reasonable to assume that for a typical laparoscopic procedure, this point will act primarily as a pivot as shown in Fig. 1 . 
A. Hardware Configuration
Instrument orientation is measured using AHRS sensors. Rather than build an AHRS from discrete components, a Spatial 1056 9-DOF IMU (Phidgets Inc.) was selected. This IMU contains a 3-axis accelerometer, a 3-axis gyroscope, a 3-axis magnetometer, a 16-bit analog-to-digital converter (ADC), an external reference voltage chip and an on-board Atmel microcontroller capable of control and transmission over USB 2.0 at up to 250 samples per second. It also includes a magnetometer self recalibration routine to ensure that heading estimates remain as accurate as possible, even over extended periods of use.
For position estimation, the tracking system must also be able to resolve tip location. Making the assumption that a point exists through which the position of the trocar is constrained, this point can be used as a datum from which further position information can be derived. Furthermore, in a surgical training environment, conditions can be controlled to ensure the validity of this assumption. As illustrated in Fig. 1 , for an instrument of fixed length, the ratio of length on each side of the pivot controls the scale of motion of the instrument. Since the orientation of a rigid body is constant at every point, by tracking the length of the instrument from pivot to tip, this length can be projected into 3-D Cartesian coordinates using the pivot as a datum.
A distance sensor can be used to determine this pivotto-tip distance. To minimize interference with the normal operation of the instrument and ensure the full range of motion, the distance sensor must be mounted external to the patient. Since all laparoscopic instruments must pass through a trocar, the distance from the trocar to instrument handle can be used to track the depth of an instrument with fixed length. Infrared (IR) distance sensors are low-cost devices capable of providing accurate, noncontact range measurements within a typical distance of 4-200+ cm. The Sharp GP2D120 IR sensor is an analog device with a range of 4-30 cm and a response time of 39 ms. Given its small size, light weight and negligible cost, it is well suited for real-time tracking of instrument depth.
Combining the Sharp IR sensor with the Phidgets IMU completes the hardware design of the Inertial and RangeEnhanced Surgical (IRES) Tracker. Fig. 2 shows an im- plementation of the sensor-augmented laparoscopic grasping instrument. It is worth noting that the IR sensor is capable of useful distance sensing without the use of a reflective disc but due to the contoured head of the trocar, reliable millimetre accuracy was only possible once the disc was attached. Used to simulate tissue elasticity, a silicone insert has also been included, as this represents the point about which the instrument is expected to pivot.
B. Algorithm Development
The IRES tracking system relies on the fusion of multiple sensing modalities to deliver real-time tracking performance that is both accurate and reliable. To date, no research has been found that makes use of this combination of inertial and range sensing to track laparoscopic instruments. While AHRS are widely found in applications such as head tracking and vehicle navigation, these systems tend to be ill-suited for medical tracking purposes where unstable magnetic fields and hand tremor may be present. Orientation sensing also represents an incomplete solution when full pose information is required. An algorithm must be developed to fuse inertial and distance sensing modalities to provide a complete laparoscopic tracking solution.
The Kalman filter [7] is one of the more popular approaches to AHRS that considers the statistics of signals corrupted by noise. The Kalman filter is a two-step recursive filter that uses noisy input signals to estimate the underlying system state in a statically optimal manner. The first step uses a process model to generate a prediction of the current state vector and estimate the reliability of this prediction. In the second step, an observation is made of the underlying system state that has been corrupted by unknown error and noise. The prediction and observation uncertainties are compared and used to compute weight factors that favour the more reliable estimate.
Quaternions allow rotations and orientations to be represented without singularities and are often less computationally demanding than Eulerian methods. Many quaternionbased AHRS algorithms require the use of nonlinear filtering; however, the computational complexity of nonlinear Kalmanbased methods makes them unsuitable for deployment on embedded devices. A linear Kalman filter (LKF) provides a balance between computational efficiency and robust tracking performance. Based on the work of Comotti et al. [8] , a linear, quaternion-based process model for use with the LKF was developed.
To start, a state vector is defined to represent the four elements of a quaternion that is used to track the orientation of the sensing platform:
The states are then updated as follows: 1) Prediction Implementation: The angular velocity input can be converted into quaternion form as follows:
where − → x t−1|t−1 is the previous state and − → ω is an vector of gyro angular rates at the current time step. Integrating (2) using the iteration time step, δt, provides a rotation quaternion that can be used to generate the a priori state estimate, − → x t|t−1 :
The state transition model, F t , is a combined form of (2) and (3), which uses gyro sensor inputs to evolve the state prediction:
To create a model of the process noise, − → w , the variance of static signals along each gyro axis can be used to create the process covariance matrix, Q t , as shown in (5):
Assuming that the gyro offsets have been corrected or are negligible, the expected variance of a gyro signal should be E[ω i ] = 0. Between axes, it should likewise be E[ω i ω j ] = 0. Process covariance can therefore be updated to reflect the signal variance along each axis:
where
y + σ 2 z and β 4 = σ 2 x − σ 2 y − σ 2 z . The a priori state estimate, − → x t|t−1 , can be defined using (7), where − → x t−1|t−1 is the a posteriori estimate from the previous filter iteration:
Finally, a measure of the prediction covariance, P t|t−1 , is determined using (8):
2) Generating an Observation: In this filter, the observation, − → z t , consists of an orientation quaternion based on measurements from accelerometers and magnetometers. As described in the work by Madgwick [9] [10], the computation of an orientation quaternion using these sensors often becomes an optimization problem. To minimize error and generate this quaternion, the Gradient Descent method, GaussNewton method [8] or some formulation of the QUEST algorithm [11] are most commonly used. For simplicity, the Gradient Descent method was implemented to generate the observation.
Since this filter's state space and observation space are both quaternions representing the orientation of the sensing platform, the observation model, H t , which maps the state vector into the observation space is simply a time-invariant identity matrix. No conversion or remapping is required:
3) Update Implementation: In this stage, the predicted state vector, − → x t|t−1 , is updated by input from the observation, after which the Kalman filter gain, K t , may be calculated as:
Normally, the observation covariance matrix, R, contains terms reflecting the variance of the observation signal. In this case, the accelerometer and magnetometer variance is obfuscated by the method used to generate the observation quaternion and R must be tuned manually. R is often represented by an identity matrix multiplied by a constant, where w R = 0.001 is a good starting parameter:
The advantage of manually selecting w R is that filter performance can be tuned for greater noise rejection from the observation model. If vibration or oscillating magnetic fields are causing interference, increasing w R tells the filter that the observation signal contains greater variance and should be considered less reliable. The result is a more stable orientation estimate with the Kalman gain favouring the predicted state estimate. Finally, the a posteriori state estimate, − → x t|t , can be computed by (12), where ( − → z t − − → x t|t−1 ) is the innovation between the observation and a priori estimate:
This completes the quaternion-based orientation tracking portion of the algorithm.
C. Position Tracking
Knowledge of the instrument orientation can now be used to recover position information at the tip of the instrument. To accomplish position tracking, some measure of the axial distance of the instrument with respect to the pivot point of the trocar is required. Herein, this distance tracking is achieved using the SHARP GP2D120 4-30 cm IR sensor attached to the instrument handle with an optically reflective disk mounted to the face of the trocar. Since the IR sensor output exhibits an exponential relationship to distance, a linearizing equation must be derived based on experimentation. If the IR sensor signal is noisy, additional filtering may be applied to the signal by either modifying the Kalman filter to include an additional state parameter or by applying a simpler filtering method such as a moving average filter.
Since instrument orientation is used to project the length of the instrument from its pivot point to the tip in 3-D Cartesian coordinates, the geometry of the instrument is of critical importance to obtain accurate position information. Referring to the instrument diagram in Fig. 3 , the total length of the instrument from IR sensor to tip is l IR|ti , the length from the IR sensor to the reflective disk is l IR|di and the length from the reflective disk to the pivot point (remote center of motion) of the trocar is l di|rp . The desired length from the pivot point to the tip, l rp|ti , can then be defined as:
For a rigid instrument and trocar, (l IR|ti − l di|rp ) is a constant. To initialize this algorithm, an approximation of l IR|ti and l di|rp must be made. If further calibration is performed to transform pose information from the IRES tracking frame into another frame and scaling is a parameter of the calibration routine, the accuracy of these instrument lengths is not critical. Calibration scaling will correct for measurement error at this stage. By defining the instrument's pivot point as the origin of the IRES tracker (0, 0, 0), the tip position can be mapped into Cartesian space by first converting the orientation quaternion q t|t = [q 1 , q 2 , q 3 , q 4 ] T into Euler angles using (14) and (15), and then by applying (17), (18) and (19):
This concludes the IRES tracking algorithm designed to provide real-time 6-DOF pose information. 
III. PERFORMANCE ASSESSMENT A. Methodology
The IRES tracking system was tested along with a micro-BIRD 6-DOF EM tracking system (Ascension Technologies Inc.). The testing of both systems followed an identical experimental method, which compared tip location estimates against an absolute reference. Pose information for each system was captured across 2-D planes stacked to create 3-D volumes of data. Accuracy, precision, repeatability, data spread, and other metrics are used to quantify and compare performance. An investigation of IRES tracker robustness in the presence of electromagnetic interference is also included.
The absolute reference system consists of a 2.00 × 3.00 perforated board with 0.100 ± 0.007 hole spacing raised in 1.00 increments using 1.00 × 2.00 × 3.00 ± 0.001 steel machinist blocks. A pattern of 20 evenly spaced holes with a separation of 0.5 on the perforated board defines the test plane. The machinist blocks raise the test plane to 1.00 and 2.00 from the lower interior surface of the training box to produce 60 absolute reference locations. A tapered pin attached to the tip of the instrument is used to mechanically align the instrument to the center of each hole, thereby ensuring accurate positioning at each location. Fig.  4(a) shows the positive axes of the absolute reference system and placement of the system inside the training box. In this figure, the instrument tip is at location (1.00 , 1.00 , 1.00 ) in the absolute reference coordinate frame or working frame of the training box.
Three different cases were explored using 20, 40 and 60 points, based on the typical working volumes for laparoscopic procedures. A CMOS camera mounted inside of the training box simulates the FOV of a laparoscopic camera. Fig. 4(b) shows a sample frame from this camera during a 20-point test representing planar XY tracking across the center region of the image (approximately 40% of the viewable area). The 40-point case represents tracking within a volume of 82 cm 3 that covers 60% of the camera's FOV at Z = 1.00 (Z = 25.4 mm). At 164 cm 3 , the 60-point case is so large that it exceeds the field of view of the camera.
The test procedure involved placing the instrument tip at each location on the absolute reference plane and holding it for a few seconds allowing ∼50-150 position estimates to be recorded. Keyboard input was used to signal when the instrument was being held at each location to facilitate postcapture analysis. In addition to testing the IRES and EM trackers using 20, 40 and 60 point volumes, the EM tracker introduces time-varying magnetic fields into the sensing environment, allowing for a third scenario to be examined. The three system scenarios are: 1) IRES Tracker: The IRES tracker operates in a magnetically stable environment with the EM tracker disabled. Any magnetic interference is due to nearby lab equipment. This represents a realistic test scenario. 2) IRES Tracker (with interference): The IRES tracker operates within the working volume of an operational EM tracker. Field oscillations are present and system accuracy is expected to degrade. This case is designed to test the magnetic interference rejection capabilities of the Kalman filter, as well as quantify system performance under a worst-case scenario. 3) EM Tracker: The EM tracker operates normally. Since the IRES tracker does not affect EM tracking performance, it is disabled only as a precaution. This provides a baseline for comparison and analysis between the two systems.
B. Results and Discussion
Table I presents the overall results. Accuracy was determined as the root mean square error (RMSE), providing a measure of how closely the reported pose the tip position matches the true position. Note that orientation-specific tests were not conducted because the position estimates of the IRES tracker are dependent on the orientation estimates. If the IRES tracker reports good positional accuracy, then the orientation accuracy must also be good. Tracking precision is assessed as the standard deviation of the measurements. Repeatability represents measurement consistency over successive trials, again reported in terms of standard deviation. The 95% and 99% percentile values provide another indication of measurement accuracy.
Provided as reference, Fig. 5 presents a 60-point test captured by the IRES tracker. Registered IRES tracking output is indicated in blue. The regular green grid pattern indicates absolute reference locations.
1) Accuracy: The most notable result is that the IRES tracking system, free from EM tracker interference, displays an accuracy that is equal to, and better than, the EM tracker. For the 20-and 40-point volumes, system accuracy is virtually identical, with improved accuracy going to the IRES tracker as the volume increases to 60 points. These results also show the effect of a system registration process that is dependent on the size of the working volume. Calibration of both systems within a small working volume results in higher accuracy than can be achieved by calibration across a larger volume with more points. Fig. 6 shows position estimates for the IRES tracker in the XY-plane of a 20-point volume and Fig. 7 shows an equivalent view of 20 points captured by the EM tracker. From these two figures it can be seen that the IRES tracker is able to generate more precise position estimates though both systems perform with the same accuracy. The increase in precision makes position error more visible. Table I shows that performance degrades when the system is influenced by the time-varying magnetic field of an EM tracker. Fig. 8 shows the effect of this magnetic interference on position estimates. In this figure, it can be seen that the point distributions trace out arcs, with a radial centre about the pivot point of the instrument. Since position information is projected from this datum, noisy orientation estimates along any single axis manifest as arc-like distributions. In this case, compassing performance has degraded, resulting in noisy yaw angle estimates. As expected, accuracy in the Zdirection remains unaffected since the magnetically-derived heading vector only affects estimates in the XY-plane.
While the IRES tracker is less accurate when operating within the working volume of an EM tracker, the system remains functional and continues to provide useful tracking information. This is largely the result of a well-tuned Kalman filter and proper definition of the w R parameter used to scale the observation covariance matrix, as shown in (11) . Increasing w R improves interference rejection, but overestimation will slow filter convergence and recovery from errors introduced by the process model. A well-tuned filter balances these two requirements for performance and robustness.
2) Precision: Referring back to Table I , the IRES tracker was considerably more precise than the EM tracker. This is due in large part to the stability and noise rejection performance of the tuned Kalman filter. As shown in Fig.  8 , variance in the orientation estimate results in a loss of precision. The precision of the EM tracker is not constant and tends to improve as the sensor probe is moved closer to the field generator. In these tests, the field generator was positioned directly beneath the table on which the training box was placed and, since the probe was well within the tracker's operating volume, these results can be considered to reflect a typical usage scenario. Even so, it is interesting to note that for those tests performed under the influence of EM interference, the IRES tracker retained a level of precision that is better than that seen by the EM tracker.
3) Repeatability: System repeatability is the variation in repeated measurements from the tracking system under the same conditions. In a true repeatability test, system calibration and registration should not be changed, meaning that samples captured for the precision tests also provide a measure of repeatability. A more meaningful measure of repeatability known as reproducibility involves testing the system across several days under different conditions and calibrations. The trials presented in Table I spanned several months with each trial representing a complete test procedure involving initialization, instrument calibration and registration before data capture could be performed. As a result, the repeatability data presented herein is a combination of repeatability and reproducibility criteria, designed to gauge system reliability under real world conditions.
The 20-point tests of the IRES tracker display the highest level of repeatability, compared to all other test cases. Since the calibration process can more accurately register a smaller volume with fewer points, it was expected that the variation between successive runs within this volume would be lower than for larger volumes. Repeatability of the IRES tracker in the presence of EM interference was also degraded since the system is both less accurate and less precise.
Since the EM tracker was only used as a reference system for comparison to the IRES tracker, only two trials were performed for the 40-and 60-point volumes. With two trials, only two mean positions were available to assess repeatability at any single location within the volume. The average of 60 repeatability values from these two sets is not a very strong measure of system repeatability and these results should be interpreted accordingly.
4) 95th and 99th Percentile:
The percentile values presented in Table I indicate the maximum distance error from the absolute position within which 95% and 99% of the captured data lies. For the IRES tracker in a 20-point volume, 1 in 20 samples may have a distance error greater than 3.18 mm but only 1 in 100 samples will have a distance error greater than 3.90 mm. Presenting both percentile values shows that the system is not prone to spurious outliers and position estimates are well contained within a local region about each test point.
The EM tracker displays consistently tighter absolute data spread compared with the IRES tracker. Since the IRES tracker is more precise than the EM tracker, this distance spread must be due to shifting of the point distribution at each location. A distribution offset will result in higher data spread since each point is compared to the absolute position reference. This shifting is likely due to orientation error and/or deformation of the silicone pivot point.
IV. CONCLUSIONS
The IRES tracking system is a complete 6-DOF tracking solution for MIS laparoscopic instruments. It is built upon the concept of an attitude-heading reference system, where orientation angles can be determined from the fusion of accelerometer, gyroscope and magnetometer data. The sensor fusion algorithm employs an adaptation of the linear Kalman filter for tracking quaternion-based orientation. With an accurate and robust orientation estimate, the trocar pivot point can be used as a datum from which positional information can be generated. An IR sensor measures the axial distance along the instrument from the sensor package to the trocar, allowing in-patient depth to be determined. Finally, orientation and depth information can be used to project the instrument tip location into Cartesian coordinates and provide position data.
Operation of the IRES tracker relies on the assumption that a point exists at the trocar-tissue interface where the instrument may pivot but where translatory motion is minimized. Within typical working volumes for MIS procedures, pivot deformation was negligible and tracking performance was found to be similar to commercially available EM tracking solutions. Furthermore, the components of the IRES system cost under $200, making it an affordable alternative for the tracking of laparoscopic instruments in surgical training or clinical environments. Future work will aim to refine the device packaging and explore making the device wireless.
